ABSTRACT. To encourage cell adhesion on biomaterial surfaces in a more facile, safe, and lowcost fashion, we have demonstrated a non-covalent approach to spatially conjugate β-cyclodextrin (β-CD) modified peptide sequences onto self-assembled adamantane-terminated polystyrene-b-poly(ethylene oxide) (PS-PEO-Ada) films through inclusion complexing interactions between β-CDs and adamantane. By simply blending various ratios of unmodified PS-PEO with a newly synthesised PS-PEO-Ada, we produced PS polymer films that displayed 2 well-organized adamantine-decorated cylindrical PEO domains with varying average interdomain spacings ranging from 29 to 47 nm. The presence of the adamantane moiety at the terminal end of the PEO chain permitted rapid, and importantly, oriented attachment of β-CD functionalized peptides onto these surfaces. This one-step process not only converted these proven non-adherent PS-PEO surfaces into adherent surfaces, but also permitted precisely controlled presentation and surface distribution of the conjugated peptides. The utility of these surfaces as cell culture substrates was confirmed with human mesenchymal stem cells (hMSCs).
INTRODUCTION
The adhesion of cells to biomaterial surfaces is an important prerequisite for the successful integration of implants in vivo or the colonization of scaffolds intended for tissue engineering applications. To encourage cell adhesion, conventional man-made biomaterial surfaces typically require pre-treatment, prior to them being further modified with either full-length extracellular matrix (ECM) proteins or conjugated with desired peptide sequences that can replicate sequences (in terms of number and type) available in full-length (ECM) proteins. Thus far, most of these pre-treatment protocols have involved a variety of chemical schemes, such as amination, esterification, click chemistry, and other multi-step reactions, depending on the functionalities presented on the biomaterial surfaces. [1] [2] [3] [4] These reactions, however, tend to be carried out in the presence of toxic chemicals, under precisely controlled conditions (e.g. pH, temperature), and via tedious and time-consuming procedures, with limited options for the conjugation of multiple different peptide sequences. To address these drawbacks, we have developed a facile, one-step, water-based, low cost strategy to conjugate diverse peptides sequences onto biomaterial surfaces using cyclodextrins.
Cyclodextrins (CDs) are toroidally shaped polysaccharides with hydrophobic inner cavities.
This unique molecular structure endows CDs with capacities to either partially or entirely accommodate suitably sized lipophilic guest moieties (e.g. aromatic compounds, ferrocene, cholesterol, and adamantane groups (in the case of β-CD)), forming a diverse set of host-guest inclusion complexes through facile hydrophobic and van der Waals interactions. [5] [6] [7] [8] Taking advantage of these highly defined CD-guest interactions, CDs have been widely utilized in separation technologies, food processing, and pharmaceutical formulations. 9, 10 Nevertheless, thus far there have been no reports of the utilization of these facile non-covalent interactions to conjugate peptide sequences onto biomaterial surfaces for cell adhesion.
Previously, it has been demonstrated by us that through the rapid self-assembly of asymmetric polystyrene-b-poly(ethylene oxide) (PS-PEO) on a hydrophobic substrate, it is possible to produce a thin film consisting of separated, vertically oriented cylinders constructed from a 4 number of PEO chains in a matrix of PS. 11, 12 Moreover, the lateral spacing of these cylindrical PEO domain size can be effectively controlled by the molecular weight of PS-PEO, additional annealing treatment, and blending with PS homopolymer. [11] [12] [13] Particularly, our recent study revealed that the modification of PEO chain end with functional motif such as maleimide does not alter the nano-presentation of surface functionalities in terms of their distribution. 13 This finding opened a broad avenue for generating versatile PS-PEO substrates with well-controlled nano-presentation of surface functionalities. More recently, the control of nanoscale features of biomaterial substrates has been proven, by us and others, to be a powerful tool to regulate stem cell behaviours, such as adhesion, spreading, differentiation and apoptosis, by the surface nanopresentation of cell adhesive molecules.
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Herein, we present the synthesis and characterisation of adamantyl moiety functionalized PS-PEO (PS-PEO-Ada). We show that upon rapid self-assembly of PS-PEO-Ada, a polymer film bearing adamantyl motifs on the surfaces of cylindrical PEO nanodomains was generated.
Taking advantage of the specific interaction between admantyl groups and β-CD, we confirm that β-CD modified peptide sequences (RGD and IKVAV) can be rapidly, non-covalently conjugated onto the PS-PEO-Ada films through a simple one-step incubation process (Scheme 1). Considering the unique surface nanostructures of the self-assembled PS-PEO-Ada films, we
proposed that β-CD modified peptide conjugated PS-PEO-Ada films may be a viable culture platform for stem cells, and be capable of modulating their behaviors. In order to test this suggestion, and owing to their potential for tissue engineering and regenerative medicine applications, human mesenchymal stem cells (hMSCs) were cultured on the PS-PEO-Ada substrates. 19 The surface nano-presentation of these non-covalently conjugated peptide sequences were indeed shown to modulate the attachment and morphology of hMSCs in our current study, proving the utility of this methodology for a multitude of cell culture and regenerative medicine applications.
Compared with more conventional methods of functionalizing biomaterial substrates with peptides to encourage cell adhesion and expansion, these novel surfaces have a number of advantages: 1) the peptide conjugation process was performed in neutral water, at room temperature, and in the absence of any additional chemicals, therefore it is a facile, safe and low cost protocol to bind and present cell adhesion molecules on biomaterial surfaces; 2) depending on the inter-domain spacing of PEO nanodomains, the surface distribution of the desired peptide sequence can be precisely tuned; 3) owing to the defined interaction between adamantyl groups and β-CD, multiple different CD modified peptide sequences can be conjugated onto the substrates, without having to consider the differences in reactivity and selectivity of the peptide sequences, as is the case in many conventional chemical reactions used in biomaterial functionalization. Analogously, as cyclodextrins, including α-, β-and γ-CD, form inclusion complexes with a diverse range of hydrophobic moieties (e.g. aromatic compounds, ferrocene, cholesterol, adamantane, poly(propylene oxide), etc.), it may be expected that any CD modified peptides can be conjugated onto a surface bearing the corresponding 'best fit' hydrophobic moieties for a given CD moiety by following the same protocol as developed here. Our protocol thus provides a very flexible methodology by which to construct biomaterial platforms with controllable nano-presentation of different peptide sequences. 
MATERIALS AND METHODS

Materials
Synthesis of PS-PEO-Ada
Dry PS-PEO (625 mg) and 1-adamantyl isocyanate (90 mg) were dissolved in 10 mL of anhydrous DMF with vigorous stirring in nitrogen atmosphere, followed by the addition of DBTL (2.2 mg). The reaction temperature was elevated to 80 o C and left to react for 24 h. The reaction mixture was dialyzed against chloroform at room temperature for 3 days. After removing solvent by rotor-evaporation, a white PS-PEO-Ada polymer solid was collected and further dried under vacuum overnight.
Synthesis of β-CD modified peptides
Amine mono-substituted β-CD (CD-NH 2 ) was firstly synthesized as described previously. 20 To synthesize β-CD modified peptides, CD-NH 2 (3.6 mg, 3.2 µmol) and sulfo-SMCC (1.1 mg, 3.2 µmol) was dissolved in 2.0 mL of phosphate buffered saline (PBS) aqueous solution with gentle stirring. After the reaction proceeded for 1 h, 6.4 µmol of peptide (CGRGDS and CGIKVAV )
was added into the reaction mixture, followed by another 4 h of reaction. β-CD modified peptide solutions (CD-RGD and CD-IKVAV) were obtained and further diluted with 10 mL of PBS solution.
Preparation of peptide-conjugated polymer surfaces
Glass slides (13 mm in diameter) were exposed to UV/ozone for 20 min to remove any organics.
The slides were then rendered hydrophobic by boiling in benzyl alcohol for 4 h, and further rinsed thoroughly in isopropanol and dried under a stream of nitrogen. Polymer films were generated by spin casting polymer solutions in toluene (2% wt/vol) onto the treated glass slides at 2000 rpm. The polymer coated glass slides were then transferred to a 24-well plate with 0.5 mL of diluted β-CD modified peptide solution (0.32 mM) in each well and left to incubate for 8 h at room temperature. Thereafter, the surfaces were thoroughly rinsed in MilliQ water to remove any un-reacted chemicals and excess amounts of peptides.
Material characterization
1 H NMR and X-ray photoelectron spectroscopy (XPS) spectra: 1 H NMR spectra of the polymer samples were acquired at 298 K in deutorochloroform (CDCl 3 ) on a Bruker Avance 750 spectrometer. XPS analysis was performed using an ESCALAB 250 from Thermo VG Scientific.
Monochromatic Al Kalpha X-rays were used (15 kV, 150 W, ~500 µm spot diameter). The transmission function of the analyzer was calibrated using a standard copper sample. Spectra were measured using a pass energy of 80 eV for survey spectra.
Quartz crystal microbalance with dissipation monitoring (QCM-D):
A Q-Sense QCM-D E4 was used to in-situ monitor the conjugation of β-CD modified peptides onto PS-PEO-Ada surfaces.
Briefly, QCM crystal was pre-coated with a PS-PEO-Ada layer on a gold substrate following the procedures described above. The crystals were then thoroughly rinsed in MilliQ water and dried under a stream of nitrogen. Thereafter, a PS-PEO-Ada film was mounted onto the treated crystals by spin coating PS-PEO-Ada solution in toluene (20% w/v) at 2000 rpm. After a polymer coated crystal and a bare treated crystal were assembled into the QCM-D instrument, PBS solution was continuously injected into the QCM chamber at a rate of 50 µL/min, and the system was equilibrated for 30 min. After confirming a stable baseline, the PBS solution was then replaced with a CD modified CGRGD solution in PBS. Once the frequency and dissipation curves again reached their new baseline, the injection solution was replaced with a fresh PBS solution to rinse away any freely absorbed molecules. The QCM-D data was analyzed using QTools software.
Water contact angle:
The water contact angles of the substrates were determined by a sessile drop method at 25 o C using a contact angle goniometer (CAM 100, KSV Instruments Ltd.). A 5 µL droplet of water was placed on the substrates. All samples were prepared as triplicates and the results shown are the mean value with a single standard deviation.
Atomic force microscopy (AFM):
Imaging of the self-organized polymer films on glass slides was carried out on a Multimode Nanoscope-IIIa Scanning Probe Microscope (Digital Instrument
Co., Ltd. U.S.A.) equipped with a NT-MDT silicon cantilever (NSCII, radius < 10nm, resonance frequency = 300 kHz, nominal spring constant = 42 N/m, vertical resolution < 0.03 nm, lateral resolution < 2 nm) by using the AC mode at room temperature. The AFM is mounted on an antivibrational table (Herzan) and operated within an acoustic isolation enclosure (TMC, USA).
hMSC culture, staining and imaging
Cell culture: Human bone-marrow MSC (hMSC, supplied by Dr Gary Brook at the Mater Medical Research Institute, Brisbane, Australia) were cultured in low-glucose DMEM supplemented with 100 U/mL penicillin, 100 ug/mL streptomycin (DMEM/ps) and 10% batchtested foetal bovine serum (FBS) at 37 o C in 5% CO 2 in an atmosphere with 95% humidity.
Upon reaching 70% confluence, hMSCs were passaged and reseeded at an approximate density corresponding to ~55 pg/cm 2 /min, a reasonable rate considering that this process will be diffusion-dominated.
The outer perimeter of each PEO cylinder of diameter 19 nm is composed of approximately 27
PEO chains (based on a hydrodynamic radius of each PEO chain (11000 g/mol) of ~ 2.2 nm (calculated according to the method described in [22] )). The functionalised β-CD-RGD is estimated to be of a similar size to the PEO (β-CD alone is 1.66 nm), meaning that at maximum packing on the outer rim of one cylinder composed of 75% PS-PEO-Ada, we may obtain ~27 conjugated CD-RGD molecules. Further, each PEO cylinder is of a height of ~ 40 nm (determined from film thickness measurements using ellipsometry and X-ray reflectometry), 23 meaning that in addition to the top most surface-exposed layer of the PEO chains within these cylinders, there are approximately 18 additional layers of PEO chains protruding into the cylinder over its length. Therefore, in each cylinder composed of 75% PS-PEO-Ada, there are a total of ~364 PEO-Ada binding sites for CD-RGD. At an inter-cylinder spacing of 47 nm, and a total molecular weight of ~ 1964 g/mol for the CD-RGD molecule, we would thus estimate that at 100% conjugation, we should measure a mass of 59.2 ng/cm 2 on our 75% PS-PEO-Ada surface. However, due to steric hindrance and chain effects, we would expect to achieve a lower level of conjugation than 100%. Our measured mass of 19.5 ng/cm 2 actually equates to a conjugation level of CD-RGD on the 75 % PS-PEO-Ada surfaces of 33%, or ~ 7 CD-RGD molecules (on average) conjugated on the top most surface-exposed layer of each PEO cylinder, that would be available for cell binding. Further QCM tests indicated that 25% , 50%, and 100%
PS-PEO-Ada substrates exhibited the similar CD-RGD binding kinetics to that of 75% PS-PEOAda substrate. The measured mass on 25%, 50%, and 100% PS-PEO-Ada substrates is 8.8, 14.9, and 25.2 ng/cm 2 , respectively. Thus the corresponding conjugation levels of the CD-RGD on those surfaces are 44%, 38%, and 32%, respectively. We thus estimate that there would be ~ 4 CD-RGDs per 17.2 nm (dia.) cylinder on the 50% PS-PEO-Ada surface, and ~ 2 CD-RGDs per 16.8 nm (dia.) cylinder on the 25% PS-PEO-Ada surface. In contrast, bare PS-PEO surface showed little CD-RGD binding, further evidencing that bind of CD-RGD on the polymer surfaces is through the specific CD-adamantane interactions rather than the non-specific physical absorptions.
From the water contact angle measurement results shown in Figure 3b , the water contact angle of (75%) PSPEO-Ada surface was significantly decreased from 83.9±1.2 o to 32.9±2.5 o after CD-RGD conjugation (Figure 3b ). This significant change in surface wettability further confirmed the conjugation of our CD-RGD to the polymer surfaces. (interdomain spacing of 47 nm). Given our previous insights into the effects of nano-scale presentation of covalently-bound adhesion motifs on hMSC differentiation, 16 these significant changes in morphology and spread area of hMSCs suggests that the differentiation of hMSCs may be also manipulated on these non-covalently conjugated RGD substrates, emphasising the potential of these surfaces for stem cell selection and fate control.
However, intriguingly, the increasing inter-domain spacings of 30 to 47 nm apparent with increasing amounts of PS-PEO-Ada from 25 to 75%, we may have expected to see reductions in mesenchymal stem cell spread area of approximately 24%, as we have previously reported when increasing the lateral spacing of similarly sized PEO nanodomains (~ 12 nm) presenting covalently bound RGD motifs. 16 Similar results were also achieved in Spatz's group with MC3T3 osteoblasts, where they revealed that the increase of inter-spacing of cyclic RGDfK peptides patches caused a significant decrease of cell spread area. 17 Even though 100% PS-PEOAda surface has no well-defined nanopatterns, the existence of 35~105 nm inner-domain spacings between the separated domains also is expected to lead to a significant decrease in hMSC cell area. However, we in fact observed just the opposite in this current work, with a significant increase in spread area.
Due to the inherent tunability of these PS-PEO/PS-PEO-Ada surfaces, in terms of the number of adhesion motifs able to be conjugated within one nanodomain, we are now able to provide new insight into the manner by which adhesion motifs displayed to hMSCs affect their adhesion and morphology. This data shows that increasing the number of the cell adhesive ligands within the nano-sized domains can affect greater control over cell adhesion and cell spread area than any increases in inter-domain spacing, at least over the range of ~30 -50 nm. However, the limitation in size of the nanodomains under all conditions (in the range of that of a single integrin 24 ) means that this effect cannot be attributed to an enhanced ability of the substrates containing PS-PEO-Ada to support integrin clustering (which is a prerequisite for focal adhesion formation and subsequent stress fibre formation) due simply to spatial orientation, in the manner described The increased ligand number in each nanodomain thus creates a higher probability of longer time localized integrin-ligand binding events, which will result in increased focal adhesion stability and maturation. This will result in greater force transmission, maturation of the actin cytoskeleton and increased spreading.
Effects of peptide sequence type on the hMSC adhesion. As these CD modified peptides enable conjugation to our adamantane-containing surfaces through non-covalent inclusion complex interactions, it is now clearly possible to quantitatively conjugate different types of (and ratios thereof) CD modified peptides onto those polymer surfaces. We thus next explored the immobilization of different blends of two different CD-conjugated peptides onto our 100% PS-PEO-Ada surface following the same conjugation protocol. As well as the commonly used RGD cell attachment sequence derived from Fibronectin, we also tested a Laminin-derived motif, IKVAV. As is expected, 100% PS-PEO-Ada surface exhibited the similar CD-IKVAV conjugation kinetics to that of CD-RGD ( Figure 6 ). Determined by QCM, the measured mass and the calculated conjugation level of CD-IKVAV on 100% PS-PEO-Ada surface are 27.1 ng/cm 2 and 34% , respectively. This fact evidenced that the investigated surfaces had the similar CD-IKVAV conjugation level to that of CD-RGD (32%). 
